To assess whether adiponectin gene (ADIPOQ) polymorphism is associated with intrauterine fetal growth and cord blood adiponectin, we investigated eight single-nucleotide polymorphisms (SNPs; rs182052, rs710445, rs16861205, rs12495941, rs1501299, rs3774261, rs2082940 and rs266729) in ADIPOQ and birth weight and cord blood adiponectin in 526 healthy neonates. We found that the neonates carrying the G allele of rs266729 had a significantly greater birth weight s.d. score than those homozygous for the C allele (CC: À0.06 ± 0.75 versus CG: 0.20 ± 0.64 versus GG: 0.07 ± 0.78; P¼1.65Â10 À3 , adjusted P¼9.90Â10 À3 ). However, this difference was not significant after adjustment for cord blood adiponectin (P¼0.04, adjusted P¼0.26). The rs266729 SNP was strongly associated with cord blood adiponectin; neonates with rs266729 GG had the highest adiponectin (CC: 34.1 ± 20.2 versus CG: 44.3 ± 26.1 versus GG: 54.1 ± 36.7 lg ml -1 , P¼2.80Â10 À9 , adjusted P¼1.68Â10 À8 ). This association remained after adjustment for birth weight s.d. score (P¼6.63Â10 À8 , adjusted P¼3.98Â10 À7 ). Our results suggest that the influence of the rs266729 SNP in ADIPOQ on birth weight may be dependent on circulating adiponectin.
INTRODUCTION
Adiponectin is a protein derived from adipose tissue in humans, and serum adiponectin levels are paradoxically reduced in obese individuals. 1 Circulating adiponectin concentrations are inversely correlated with body weight and fat mass content in human adults. 1 Decreased concentrations of adiponectin are also seen in patients with insulin resistance or type 2 diabetes mellitus. 2 Insulin-sensitizing agents such as thiazolidinediones increase adiponectin concentrations in both humans and animals, whereas the administration of adiponectin increases insulin sensitivity in animals. 3, 4 Also, adiponectin is postulated to play a role in the modulation of glucose and lipid metabolism in insulin-sensitive tissues. 5 Fetal growth is to a great extent controlled by the actions of insulin, and adiponectin, as a key regulator of insulin sensitivity, can be expected to have significant effects on fetal growth. 6, 7 Some investigators have reported a significant positive relationship between birth weight, as a proxy mirror of the intrauterine environment, and cord blood adiponectin levels. [8] [9] [10] Our previous study demonstrated that the serum adiponectin levels on the first day of life were significantly higher in appropriate-for-gestational-age birth weight (AGA) than in small-for-gestational-age birth weight (SGA) term neonates. 11 Although adiponectin levels in the cord blood of term infants are extensively higher than in children or adults, its exact physiological role in regulating intrauterine fetal growth has not been fully elucidated. 8, 9, 12 On the other hand, epidemiological studies have revealed that there is a relationship between fetal growth retardation and the subsequent development of insulin resistance later in life. 13, 14 Single-nucleotide polymorphisms (SNPs) in the adiponectin gene (ADIPOQ) have been associated with adiponectin levels, changes in insulin sensitivity and risk for type 2 diabetes mellitus and coronary artery disease. [15] [16] [17] [18] The present study was undertaken to assess whether the ADIPOQ polymorphism is associated with birth size and cord blood adiponectin levels in Japanese neonates.
MATERIALS AND METHODS

Subjects and genomic DNA extraction
A total of 526 healthy neonates (264 males and 262 females, gestational age, 35-41 weeks and birth weight 42000 g), born at Tsukuba University Hospital were included in the study. Table 1 shows the baseline characteristics of 526 neonates. The recruitment was carried out between September 2009 and March 2011. Gestational age was calculated according to the date of the mother's last menstrual period and was also determined using fetal ultrasonography. All neonates were AGA, and had no severe asphyxia, congenital malformations or respiratory disorder at birth. AGA was defined as a birth weight between À2.0 and +2.0 s.d. according to Japanese standards. 19 Birth weight s.d. was calculated according to the reference standard for gestational age in Japanese newborns. 19 Neonates whose mothers had hypertension, diabetes mellitus or any chronic disease causing placental dysfunction or fetal growth restriction, or had received medication during pregnancy causing placental dysfunction or fetal growth restriction, including glucocorticoids, were excluded. All neonates included in this study were singletons, and none had a diagnosis of asphyxia (5-min Apgar score o8) or neonatal complications. A total of 99 neonates were born with cesarean section and 427 with vaginal delivery. Cord blood samples were collected immediately after delivery and were aliquoted and frozen at À80 1C until analysis. Genomic DNA was isolated from cord blood leukocytes using a DNA purification kit (Promega, Madison, WI, USA). The study was approved by Tsukuba University Ethics Committee, and written informed consent was obtained from all parents whose neonates were examined.
Anthropometric measurements
General physical measurements, including body weight, length and head circumference, were determined at birth by experienced midwives. The body weight of each neonate and placenta weight were determined to the nearest 1 g using an electronic scale. The body length and head circumferences were measured with a tape measure to the nearest 0.1 cm. The neonatal ponderal index was calculated as weight (kg) per body length 3 (m 3 ), respectively. Self-reported mother's body weight and height before pregnancy were obtained, and the mother's body mass index was calculated as weight (kg) per body length 2 (m 2 ).
Cord blood concentrations of adiponectin
The plasma adiponectin concentration was assayed with an ELISA kit (Linco Research, St Chales, MO, USA) following the manufacturer's instruction. The sensitivity of the assay was 1 mg ml -1 and the limit of linearity was 250 mg ml -1 . Inter-and intra-assay coefficients of variation were 6.9-9.3% and 1.8-6.2%, respectively.
ADIPOQ genotyping
Genotype data of the Japanese population for the ADIPOQ region were obtained from the HapMap website (http://www.hapmap.org/), and tag SNPs were selected using the Tagger software implemented in the Haploview software, with an r 2 threshold of 0.8 and allele frequencies of 0.1. 20, 21 Seven SNPs (rs182052, rs710445, rs16861205, rs12495941, rs1501299, rs3774261 and rs2082940) were selected as tag SNPs, and one 5¢ upstream SNP (rs266729), which has been reported to be associated with cord blood adiponectin concentration in German neonates, was also subjected to genotyping. 22 These eight SNPs were genotyped using the TaqMan Assay-on-Demand SNP Typing System (Applied Biosystems, Foster City, CA, USA) following the manufacturer's instructions. The reaction was performed in a 384-well format using 5 ng of genomic DNA. The plates were then placed on a thermal cycler (GeneAmp 9700 PCR systems, Life Technologies, Carlsbad, CA, USA) and heated to 95 1C for 10 min, followed by 60 cycles of 92 1C for 15 s and 60 1C for 1 min. The end point fluorescence readings were performed using ABI Prism 7900 HT System and SDS software 2.2.0 (Life Technologies).
Statistical analysis
The results are expressed as means±s.d. unless otherwise stated. Student's t-test, w 2 test and ANCOVA were performed to assess baseline characteristics. Relationships between the cord blood adiponectin levels and baseline parameters were evaluated using Pearson's correlation coefficient test. To investigate independent predictors of the cord blood adiponectin, a multiple regression analysis was performed considering the variables maternal age, parity, prepregnancy maternal body mass index, placental weight and mode of delivery. All analyses mentioned above were performed using Stat View 5.0 (SAS Institute, Cary, NC, USA, 1998). A level of Po0.05 was considered statistically significant. In the genotyping experiment, deviations from the predicted Hardy-Weinberg equilibrium were determined using the w 2 test. Association analyses were performed assuming a log-additive effect for each polymorphism with SNPassoc software. 23 Multiple tests were corrected by the method proposed by Li et al. 24 A level of Po0.0085 was considered statistically significant.
RESULTS
Among all the subjects, cord blood adiponectin concentrations were higher in male than in female neonates (42.2±28.3 versus 34.7±19.0 mg ml -1 , Po0.01), but the difference was not significant after adjustment for birth weight (Table 1) . Adiponectin concentrations were also higher in neonates born by vaginal delivery than in those born by cesarean section (39.7±23.2 versus 33.0±22.4 mg ml -1 , Po0.01), but the difference was not significant after adjustment for birth weight. Cord blood adiponectin concentrations were positively related to gestational age (r¼0.14, Po0.01), birth weight (r¼0.23, Po0.01), birth weight s.d. score (r¼0.21, Po0.01), birth length (r¼0.13, Po0.01) and ponderal index (r¼0.15, Po0.01; Table 2 ). Maternal age, parity, pre-pregnant body mass index and placental weight were not correlated with cord blood adiponectin concentrations. A multiple (Tables 3 and 4) . One SNP (rs266729) was found to be significantly associated with birth weight s.d. score. The neonates carrying the rs266729 G allele had a significantly greater birth weight s.d. score than those homozygous for the C allele (CC: À0.06±0.75 versus CG: 0.20 ± 0.64 versus GG: 0.07 ± 0.78; P¼1.65Â10 À3 , adjusted P¼9.90Â10 À3 ). However, this association was not significant after adjustment for cord blood adiponectin concentrations (P¼0.04, adjusted P¼0.26). The rs266729 SNP was also strongly associated with cord blood adiponectin concentrations; neonates with rs266729 GG had the highest adiponectin levels (CC: 34.1±20.2 versus CG: 44.3±26.1 versus GG: 54.1±36.7 mg ml -1 , P¼2.80Â10 À9 , adjusted P¼1.68Â10 À8 ). This association, furthermore, still remained significant after adjustment for birth weight s.d. score (P¼6.63Â10 À8 , adjusted P¼3.98Â10 À7 ).
DISCUSSION
This is the first study to investigate the relationship of ADIPOQ SNPs with both cord blood adiponectin concentrations and birth weight s.d. score in a relatively large sample size in the Asian population and to perform multivariable adjustment for potential confounders including maternal factors and perinatal characteristics. As cord blood adiponectin concentrations have been shown to be influenced by a variety of maternal complications in pregnancy, infants whose mothers had hypertension or diabetes mellitus, or whose mothers received antenatal glucocorticoids were excluded from our study subjects. 12,25 Although we did not measure maternal blood adiponectin concentrations in the study, cord blood adiponectin has been shown not to be influenced by placenta or maternal circulation. 8 Additionally, it has been known that cord blood adiponectin levels are not changed by parity or mode of delivery. 25, 26 As our previous study 
Adiponectin SNPs and cord blood adiponectin M Saito et al
showed that the serum adiponectin concentration on the first day of life was higher in AGA than in SGA term infants, SGA neonates were excluded from the present study. 11 Recent studies have shown that cord blood adiponectin concentrations are correlated positively with birth weight, suggesting that fetal adiponectin levels are likely to influence fetal growth. 8, 10, 27, 28 MazakiTovi et al. 29 have reported that the cord blood adiponectin concentration in the smaller neonate of discordant twins is lower than that in the larger counterpart. Our result showing that cord blood adiponectin concentrations were positively correlated with birth weight s.d. scores was in agreement with the results in previous studies. Furthermore, we confirmed previous findings of no gender difference in adiponectin levels. 8, 10, 11, 28 Serum adiponectin levels are known to be inversely correlated with body fat mass in adolescents and adults, whereas cord blood adiponectin concentrations are positively correlated with birth weight s.d. score, mostly determined by fat mass. 1, 30, 31 This positive relationship between the two parameters in newborns may be explained by a lack of negative feedback on adiponectin production because of few hypertrophic adipocytes, an increased amount of fat mass together with an increased number of small adipocytes, low percentage of body fat with a different fat distribution and relatively abundant brown adipose tissue secreting adiponectin. 8, 32, 33 In the study of ADIPOQ SNPs and cord blood adiponectin concentrations, Rothenbacher et al. 22 investigated associations of ADIPOQ SNPs (rs17300539, rs266729 and rs1501299) with cord blood adiponectin concentrations in neonates, most of whom were of German ethnicity, and showed that the subjects with rs266729 CG or GG genotype had higher cord blood concentrations of adiponectin than those with the CC genotype after adjustment for gender and gestational age; these findings were consistent with the present study. However, the relationship between the ADIPOQ SNPs and birth weight was not presented in the German study. 22 The rs266729 SNP in the ADIPOQ promoter region has been shown to be independently associated with circulating adiponectin levels and to contribute to the risk of metabolic syndrome and type 2 diabetes. 15, 34, 35 As rs266729 is located at one of the transcriptional stimulatory protein (SP1)-binding sites, the rs266729 G allele is considered to alter the SP1-binding function and consequently reduce adiponectin promoter activity. 36 Previous studies reported that the plasma adiponectin levels did not differ between healthy lean adults with rs266729 GG and those with CC or CG. 18, 37 In our study, cord blood adiponectin concentrations were significantly higher in neonates with rs266729 GG than in those with CC/CG. This discrepancy may be explained by different biological mechanisms being involved in the production or regulation of adiponectin in fetal or neonates from those in children/adults. First, in the second half of intrauterine life, fetal adipose tissue rapidly expands with increasing size and number of adipocytes, and is mainly composed of small newly differentiated adipocytes, which secrete more adiponectin to increase adipocyte proliferation and lipid accumulation. 33, 38 Additionally, a negative feedback on adiponectin production caused by fat mass with hypertrophic adipocytes has not been found in newborns. Although further investigations are needed, the genetic effects of rs266729 SNP on adiponectin promoter activity is likely to alter adipose tissue metabolism in intrauterine life, unlike in adults. Second, because human neonates possess a relatively higher content of brown adipose tissue than adults, the adiponectin derived from brown adipose tissue in addition to white adipose tissue may contribute to the difference in circulating adiponectin levels between newborns and adults. Viengchareun et al. 39 reported that strong expression of ADIPOQ was observed in the brown adipose tissue of rats and mice, suggesting that brown adipocytes are capable of expressing ADIPOQ. To date, it is unclear whether the genetic regulation for adiponectin production differs between brown adipose tissue and white adipose tissue. Fetal growth is a complex process depending on the genetics of the fetus, the availability of nutrients and oxygen to the fetus, maternal nutrition and various growth factors and hormones of maternal, fetal and placental origin. Although adiponectin is postulated to be a possible candidate contributing to both birth weight and insulin resistance, only one report is available on the genetic association between ADIPOQ variants and birth weight. A case-control study in the Brazilian population demonstrated that the rs17300539 A allele in ADIPOQ was significantly associated with an increased chance of large-for-gestational-age birth, but the study did not measure circulating adiponectin levels at birth. 40 Because the rs17300539 A allele is very rare in Japanese (monoallelic in HapMap JPT and HapMap CHB), we did not genotype rs17300539 in our study. 41 We showed that the positive correlation between the rs266729 SNP in ADIPOQ and birth weight s.d. score in univariate analysis did not persist significantly after adjustment for cord blood adiponectin concentrations, indicating that the association is probably mediated by alterations of adiponectin as an insulin sensitizer.
In conclusion, we investigated the association between ADIPOQ SNPs and birth weight s.d. score and cord blood adiponectin concentrations for the first time in the Asian population, showing that the cord blood adiponectin concentrations were positively correlated with the birth weight s.d. score. In addition, rs266729 was significantly associated with cord blood adiponectin concentrations after adjustment for birth weight s.d. score, but not with birth weight s.d. score independently, suggesting that the influence of the ADIPOQ variant on birth weight may be dependent on circulating adiponectin levels.
